sensory neurons in which 9ϩ0-type cilia located at the distal tip of sensory processes transduce mechanical or chemical sensory stimuli. Insect photoreceptors are not ciliated, but flies, unlike nematodes, do have flagellated sperm with a canonical 9ϩ2 axoneme and accessory tubules. Ciliogenesis-defective mutants of Drosophila are therefore expected to combine sensory and spermatogenesis defects. We show that the nompB gene, previously identified by behavioral and electrophysiological mutant defects, encodes the Drosophila counterpart of Chlamydomonas IFT88, Caenorhabditis OSM-5, and mammalian Polaris/Tg737. We find that nompB mutants have defects in sensory cilia that are consistent with a loss of IFT and that the NOMPB protein is located in cilia and around basal bodies. Surprisingly, it has no role in sperm differentiation or function.
Results and Discussion

Ciliary Defects in nompB Mutants
Three nompB alleles were isolated in a genetic screen for defects in mechanosensory behavior and electrophysiology [29] . All three alleles showed the same phenotype when homozygous: severe uncoordination, associated with a complete loss of transduction in mechanosensory bristles [29] and in auditory chordotonal organs [30] . Similar phenotypes were seen in flies carrying two different mutant alleles and in flies hemizygous for a mutant allele. Both of these types of sense organs are innervated by one or more sensory neurons surrounded by specialized supporting cells. Each neuron has a single sensory process, divided into a proximal inner segment and a distal outer segment [31] . The outer segment is a modified cilium that extends from the more distal of a pair of basal bodies located at the tip of the inner segment. In mechanosensory neurons, it is connected to stimulus-transmitting structures by an extracellular dendritic cap and is thought to be the site of transduction.
We visualized neurons of campaniform sensilla, external sense organs similar to bristles, by expressing a cesses remained on some neurons. The defect was limited to the cilia: inner segments and cell bodies appeared normal, and the aberrant processes extending Positional Cloning of nompB nompB was mapped to cytogenetic position 39E7-F1 from osm-5 mutant cell bodies [12, 18] were not seen in nompB mutants. Cilia were also missing from all olfacby deficiency complementation tests and by P elementinduced male recombination [32] . The minimal interval tory neurons of the third antennal segment (Figures 1I  and 1J ). Thus, a general defect in the differentiation of containing nompB was delimited proximally by the P element insertion l(2)02074 and distally by the breaksensory cilia underlies the behavioral and electrophysiological defects of nompB mutants.
point of a deletion, Df(2L)03832MR1, that was generated To verify the identity of CG12548 with nompB, we sequenced exons from all three nompB mutant alleles dicted genes distal to the l(2)02074 insertion site. Among these, CG12548 was identified as a possible nompB and the cn bw stock from which they were derived and found independent alterations in each allele. In nompB 1 , candidate due to its similarity to the mammalian Tg737 gene.
an approximately 1 kb deletion removes exon 4 and part of exon 3. RT-PCR from nompB 1 mutants showed that The previously predicted structure of CG12548 was ambiguous due to two near-exact partial duplications this results in the missplicing of exon 2 to exon 5 and a frameshift at amino acid 109 that yields a 110 amino of internal exons that flank the gene proper ( Figure 2B normal assembly of all types of cilia and flagella, includ-NOMPB is the only IFT88 homolog encoded by the ing mammalian sperm, we were surprised to observe sequenced Drosophila genome. Other IFT particle prothat Drosophila males homozygous or hemizygous for teins are also conserved in Drosophila, as in nematodes each of the three nompB mutations produce individual-[40]: orthologs exist for the Chlamydomonas B complex ized, motile sperm. The distribution of glycosylated proproteins IFT172/Caenorhabditis OSM-1 (Drosophila preteins on sperm acrosome and tail was examined by dicted gene CG13809), IFT57/55/CHE13 (CG8553), using concanavalin A labeling [48] and was found to be IFT52/OSM-6 (CG9595), the Caenorhabditis B complex normal (data not shown). protein CHE-2 (CG9333), and the A complex proteins nompB mutant flies are too uncoordinated to mate, IFT140/CHE-11 (CG11838) and IFT122/DAF10 (CG7161).
so it was not immediately evident if nompB mutant Of the known Chlamydomonas IFT particle proteins, sperm are functional in fertilization. To test this, we genonly IFT20, a B complex protein that is present in verteerated male flies with normal behavior but nompBbrates, appears not to be well conserved in the fly. Drodefective sperm by targeted nompB expression and by sophila also contains homologs for IFT-associated generating germline mosaics. nompB cDNA constructs kinesin II subunits (Klp64D, Klp68D, DmKAP) [41-43].
( Figure 2C ) were selectively expressed under the control Thus, Drosophila appears to express most of the IFT of the GAL4 enhancer trap system [49] . A construct components. using a full-length cDNA was able to rescue the sensory defect in the absence of any GAL4 driver, possibly due to the presence of an X box within the transcription unit.
NOMPB Is Localized to Sensory Cilia
To investigate the subcellular localization of NOMPB, When 104 bp including the X box were deleted from the 5Ј-untranslated region of the cDNA, rescue of the we joined GFP to the N terminus of NOMPB by inserting the GFP coding sequence in frame into the genomicsensory defects was dependent on the presence of neuronal GAL4 (data not shown). Rescued nompB 1 / cDNA rescue construct ( Figure 3A) . The tagged gene rescued the behavioral defects of nompB mutants (data Df(2L)03832MR1 mutant males carrying both the elav-GAL4 driver and the modified UAS-⌬X-nompB ϩ connot shown), which showed that it is normally expressed and functional. In transgenic flies, GFP-NOMPB expresstruct were fertile, indicating normal sperm function. In Drosophila females mated to multiple males, sperm sion was observed only in type I, ciliated sense organs, including olfactory sensilla (Figures 3B), chordotonal or- from the last male to mate can displace and inactivate the sperm from previous males, so that most offspring gans ( Figures 3C-3J Figure 4C) .
Finally, the GFP-tagged NOMPB genomic construct trast, are transported between the axoneme and a closely apposed ciliary membrane, a situation that does that rescued the sensory defects showed no detectable GFP expression in the testis. Taken together, these data not exist in differentiating spermatids. Second, fly sperm flagella are extremely long: D. melanogaster sperm, at show that the Drosophila IFT88 homolog is not needed cilia of nompB mutants, the localization of GFP-NOMPB to basal bodies and cilia, and the conservation of other IFT proteins in Drosophila all indicate that IFT is required in Drosophila sensory neurons for ciliary assembly. Surprisingly, the assembly and function of sperm flagella, the only other axonemal structure in the fly, are independent of NOMPB and probably independent of IFT.
Experimental Procedures
Drosophila Stocks, Culture, and Genetic Mapping nompB mutant alleles were described previously [29] . Flies carrying inserts of the dominant, male sterile transgene P{HDM ϭ Hsp83P -DAM -MYC -MSL2} on chromosome 2L were a gift from M. Kuroda (Baylor College of Medicine, Houston). rfx 49 and rfx 253 stocks were from B. Durand (Université Claude Bernard, Lyon, France). Other mutant and aberration stocks were obtained from the Drosophila stock center at Bloomington. Flies were raised on standard medium at 21ЊC-25ЊC. nompB was mapped relative to P element insertions in l(2)02074 and l(2)03832 by P-induced male recombination [32]. Male Sp nompB cn bw/Sp ϩ nompB ϩ P cn bw ϩ ; Sb P{⌬2-3}99B/ϩ flies were crossed to cn bw/Cy cn bw Roi females. Sp bw ϩ and Sp ϩ bw recombinants were crossed to nompB cn bw/CyO and Sp nompB cn bw/Cy cn bw Roi flies, respectively. Multiple recombinant chromosomes were analyzed. Both P elements yielded Sp nompB P cn bw ϩ , and Sp ϩ nompB ϩ P cn bw recombinants, therefore, lie centromere-proximal to the nompB mutation. The deficiency chromosome Df(2L)03832MR1 also arose as a P-induced male recombinant derivative of l(2)03832 [56].
Molecular Mapping and Sequencing
The genomic DNA flanking the distal breakpoint of Df(2L)03832MR1 was isolated by single fly inverse polymerase chain reaction (PCR) [57] using the primer sets described by the Drosophila Genome Project (http://www.fruitfly.org/about/methods/inverse.pcr.html). The amplified fragments were sequenced by using the BigDye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems).
The predicted transcript sequence was determined by amplifying and sequencing overlapping cDNA fragments. Polyadenylated RNA was isolated from adult cn bw flies by using Dynabeads (Dynal) and was reverse transcribed by Superscript II reverse transcriptase (GIBCO-BRL). Six overlapping cDNA fragments that include the entire coding sequence were amplified and sequenced. To sequence nompB mutant alleles, cDNA was made from flies heterozygous for each nompB allele and Df(2L)03832MR1. To determine the deletion in the nompB 1 chromosome, genomic DNA fragments from exon 1 to exon 5 were amplified from nompB 1 /Df(2L)03832MR1 flies with the Expand Long Template PCR System (Roche Applied Science) 
